Healthy aging is associated with functional declines in mobility and cognition among both humans and non-human animals. OBJECTIVE: This study combines human measures of mobility and cognition to develop a test battery for evaluating the effects of dietary supplements among older adults. Selected measures parallel behavior tasks used to assess the efficacy of dietary interventions in rodent models of aging. METHODS: Seventy six healthy adults, between the ages of 21 and 75, completed a 1 hour mobility and cognition assessment. Postural sway and spatiotemporal gait parameters were measured using a Zebris ™ instrumented treadmill system. A computerbased virtual water maze and the trail-making test were used to assess spatial memory and executive function, respectively. RESULTS: Sway velocity during quiet standing increased with age. Preferred gait speed declined with age and changes in the gait cycle reveal an age-related increase in total double support during normal walking. In the virtual water maze, latency to locate a hidden or visible platform increased with age; meanwhile, probe test performance declined with age. CONCLUSIONS: Healthy adults show age-related declines in measures of mobility and cognition. These measures are a useful tool for translating research on dietary interventions to older adults.
Population aging in developed countries has highlighted the health concerns of older adults. A variety of pathologies is associated with the aging process, including cardiovascular disease, cancer, cataract, dementia, hypertension, metabolic disorder, and osteoporosis. However, 'normal' or healthy aging is also associated with behavioral impairments including functional declines in both mobility and cognition. Significantly, these age-related declines occur even in the absence of degenerative diseases such as Alzheimer's or Parkinson's disease. In combination, these agerelated effects contribute to increased need for assisted living and cost of healthcare among older adults.
During aging, muscle strength and range of motion decline and movements are slower and more variable [1] . These musculoskeletal alterations, combined with age-related declines in the proprioceptive, cutaneous, visual, and vestibular systems, contribute to impaired postural control, increased fall risk, and inactivity [2] . Postural sway, the constant displacement and correction of the center of gravity within the base of support, is a frequently used aggregate measure of postural control and fall risk. Postural sway during quiet standing increases with age [3] and is predictive of retroactive and prospective falls among older adults [4, 5] , particularly indoor falls.
Similarly, gait also undergoes changes during aging. With increased age, walking speed declines [6] and recent research has shown that gait speed, in particular, is positively associated with life expectancy in a pooled analysis of 34,485 older adults from nine separate cohorts [7] . Aging is also associated with increases in the variability of spatial and temporal gait parameters, such as step width, stride length, stride time, percent double support time (both feet on ground); which have each been associated, retrospectively or prospectively, with risk of falls [8] [9] [10] [11] [12] . Increases in step-width variability have been observed during aging, even among non-fallers [13] [14] [15] . Medial-lateral instability due to increased step-width variability during gait may be particularly problematic for older adults as falls to the side, rather than to the front or back, are associated with a three-fold increase in risk of hip fracture [16] . While increases in gait variability have been the focus of much research, there is also evidence that decreased gait variability may also signal an increased risk of falls and functional decline [11] , perhaps due to inflexibility in response to obstacles or perturbation.
Cognition, like balance and gait, undergoes changes during the aging process. While some aspects of cognition, such as knowledge, appear to improve with age, other aspects such as processing speed, reasoning, and memory decline with age [17] . Declines have also been observed in spatial navigation and spatial aspects of learning and memory during aging [18, 19] , which may contribute to spatial disorientation among older adults. Declining executive function, attention, and ability to divide attention between multiple tasks may also contribute to risk of falls and decreased productivity [20] [21] [22] [23] . In humans, decline in executive function is associated with impaired balance, gait, and spatial navigation [24] [25] [26] [27] .
Recent research has linked age-related changes in cognition with those in mobility [28] [29] [30] [31] [32] [33] [34] [35] , although the links between specific cognitive domains and individual gait and balance parameters are not fully understood. Declines in various gait parameters have also been linked directly to age-related atrophy in brain regions critical to various cognitive domains [36] .
Similar functional declines are also observed in non-human animals. A study in our laboratory [37] found significant, age-related decline across a variety of behavioral tasks in rats from 6 to 22 months of age. Young rats were able to maintain postural control despite an artificially narrow base of support while aged rats fell significantly sooner. Similarly, young rats were able to maintain their gait atop an accelerating rotarod while aged rats fell off more quickly and at slower speeds. Finally, young rats quickly learned to locate a hidden platform in a working memory version of the Morris water maze (MWM) [38] while aged rats showed significant impairment.
In a recent review, it was argued that a considerable shortcoming of tests used in human intervention studies is that the [cognitive] tests used to evaluate the effects of the intervention bear little resemblance to the tasks used in the rodent literature on which the human trials are based [39] . The present study evaluates postural sway, gait, spatial navigation, and executive function in a sample of adults between the ages of 21 and 75 years of age. The aim of the study is to examine age-sensitive human measures of mobility and cognition that reflect the age-related changes observed in our rodent model of aging. It was hypothesized that performance on these tasks would decrease significantly across age-groups, replicating prior findings in older adults and rodent models of aging.
Methods

Participants
Men and women were recruited into one of six groups according to their age (21-40, 41-50, 51-60, 61-65, 66-70, and 71-75 years of age). Age ranges were selected to aid in identifying an age range during which participants demonstrated measureable performance declines but were still able to safely complete all of the measures. Inclusion criteria included: fluency in written and spoken English, normal (20/20) or corrected to normal vision, and body mass index (BMI) between 18.5 and 30. Exclusion criteria included: recent hip or lower-limb surgery, recent head or lower body injury, use of prosthetics, established psychological or neurological disorders, liver or kidney disease, or the use of medicines or supplements that may have affected study outcomes. Participants were compensated $10. This study was approved by the Tufts medical institutional review board. Written informed consent was obtained from all study participants.
Stance analysis
Stance analysis was performed using an instrumented treadmill (Zebris ™ ). During each 1-minute stance assessment, a high-density array of pressure sensors beneath the tread belt recorded pressure variation. Participants were instructed to stand as still and straight as possible and measurements were taken in both the eyes-open and eyes-closed condition in counterbalanced order. Stance was assessed before and after gait analysis. The associated software package (WinFDM-T, Zebris ™ ) then computed a variety of postural sway measurements from the center of pressure (COP), which included: length of COP path (velocity) and the area (mm 2 ) of the COP 95% confidence ellipse.
Gait analysis
Gait analysis was also performed using the instrumented treadmill (Zebris ™ ). During gait, pressure sensors detected each footfall and the associated software package (WinFDM-T, Zebris ™ ) then computed a variety of spatial and temporal measures from this data, including: step length, step width, step duration, stride length, stride duration, cadence (strides/min), foot rotation, and percent of gait cycle spent in each gait phase (e.g. load, single support, double support, etc.). Participants were blind to treadmill speed settings.
Cognition
The virtual Morris water maze (vMWM; Neuroinvestigations, Inc) is a computerized version of the standard Morris water maze typically employed to test spatial navigation, hippocampal function, and working/reference memory in rodents [38] . In this task, participants used a keyboard to navigate a threedimensional (3D) virtual environment containing a circular pool surrounded by multiple distal cues to locate a goal platform. After receiving instructions, participants completed two training trials to familiarize themselves with the software. Participants then completed a series of 16 acquisition trials wherein they explored the pool to locate an invisible platform. Participants began each acquisition trial in a pseudorandom starting location (without repetition) and the trial ended when the participant moved into the platform's location. If, on any of the trials, a participant failed to reach the invisible platform within 60 seconds, the platform became visible and the participant was instructed to move directly to it. Participants then completed a 40 second probe test, which was identical to the previous learning trials except that moving through the platform's location did not end the trial. Participants also completed four trials in which the platform was visible throughout the whole trial. Each trial was separated by a 2 second inter-trial interval.
Psychomotor speed and executive function were assessed using the trail making test (TMT) [40] . The TMT is a two-part paper-and-pencil assessment wherein participants sequentially connect a series of numbered and/or lettered circles on a sheet of paper. Participants completed Part A by drawing a continuous line connecting circles numbered 1 through 25. Participants then completed Part B by drawing a continuous line connecting circles numbered 1 through 13 and circles lettered "A" through "L." Numbers and letters were connected in alternating order (e.g. A, 1, B, 2, C, 3. . . ). If participants made sequence errors during either part, they were asked to start again from the last correctly connected circle. Latency to connect the circles during each part was recorded using a stopwatch.
Procedure
On the test day, participants were consented and began by completing the first stance assessment. Then, the participants were habituated to walking on the treadmill at 1.5 mph for 6 minutes. The treadmill speed was then increased and decreased three times and participants were allowed to self-select their preferred walking speed. Participants walked at their preferred walking speed for 4 minutes while their gait was recorded. Participants then repeated the stance assessment procedure after walking on the treadmill. Participants then completed the vMWM, TMT, and demographic, activity, and fall history questionnaires.
Analysis
Systat (Systat Software, Inc.) was used to conduct all statistical analyses. Seventy-eight participants were recruited; however, four participants were dropped from the analysis due to significant overweight or inability to complete all study tasks (see Table 1 for participant demographics). Outliers, defined as results >2 standard deviations from the mean, were removed from the analysis. For analysis, participants in the six age-groups (21-40, 41-50, 51-60, 61-65, 66-70, or 71-75 years of age) were compared using analysis of variance (ANOVA). Post hoc analyses were conducted on all significant results using Fisher's LSD. Analysis of covariance was also conducted for all significant results. Alpha levels were assessed at the 0.05 level. 
Results
Stance
Stance data were analyzed using a six age-group by two time-point (before or after gait (Fig. 1) . Post hoc analysis shows that, relative to the youngest age-group, sway velocity was increased in age-groups 51 years and older in the eyes open condition and in age-groups 61 years and older in the eyes closed. For all age groups, sway velocity was increased in the eyes closed condition. Sway velocity was slightly lower during the second assessment [F(1, 66) = 5.361, p = 0.024] and the effect of the eyes closed condition was less pronounced during the second measurement. A significant interaction was also observed between age-group and eye condition [F(5, 66) = 5.336, p < 0.001] (Fig. 1) , with sway velocity increased more in the eyes closed condition among older age groups. When gender, height and weight were controlled, only an effect of age-group (p < 0.001) and an age-group by eye condition interaction (p = 0.001) remained significant. Height was a significant covariate (p = 0.041), indicating that taller participants also had increased COP path lengths.
Analysis revealed no effect of age on sway area (p = 0.232; data not shown). However, sway area was increased during the second measurement [F(1, 66) = 4.080, p = 0.047], and sway areas were increased in the eyes closed condition [F(1, 66) = 10.301, p = 0.002], in all age-groups. When gender, height, and weight were controlled, no significant effects remained. 
Gait
All gait measures were collected while participants walked at their preferred walking speed and analyzed using a six age-group ANOVA. Analysis revealed an effect of age-group on preferred walking speed [F(5, 68) = 2.700, p = 0.028], which remained significant even when gender, height, and weight were controlled (p = 0.037; see Table 2 ). Post hoc analysis shows that the 51-60, 66-70, and 71-75 age-groups had significantly lower preferred walking speeds than did the 21-40 year old group. An effect of age-group on stride length was also observed [F(5, 68) = 4.465, p = 0.001], which also remained significant when gender, height, and weight were controlled (p = 0.011; Table 2 ). Post hoc analysis shows that the 41-50, 51-60, 66-70, and 71-75 age-groups had significantly shorter stride lengths than did the 21-40 year old group. The covariate, height, was significantly related to stride length (p = 0.006), wherein taller participants took longer strides. To quantify gait variability, coefficients of variation (CV; SD/mean) were calculated for step width, stride length, and stride time; however, no significant differences were observed in step width CV, stride length CV, or stride time CV, nor were differences observed in step width or stride time. Gait cycle measures were averaged between left and right legs for each participant. All phases of the gait cycle varied significantly by age-group (Table 2 ). An effect of age-group on load, pre-swing, and total double support phases was observed [Fs(5, 68) = 3.809, ps = 0.004] and was significant when gender, height, and weight were controlled (ps = 0.002). Post hoc analysis shows that these phases represent a larger percent of the gait cycle among participants in the 51-60, 66-70, and 71-75 year old age-groups, relative to 21-40 year old participants. The covariate, weight, was significantly related to all three phases (ps = 0.003, 0.002, and 0.002, respectively), wherein heavier participants spent more time in these phases. An effect of age-group on single support and swing phases was also observed [Fs(5, 68) = 3.805 and 3.809, respectively, ps = 0.004],which also remained significant when gender, height, and weight were controlled (ps = 0.002). Post hoc analysis shows that these phases represent a smaller percent of the gait cycle among participants in the 51-60, 66-70, and 71-75 year old age-groups, relative to 21-40 year old participants. The covariate, weight, was significantly related to both phases (ps = 0.003 and 0.002, respectively), wherein heavier participants spent less time in these phases.
Cognition
Acquisition trials in the vMWM were averaged into four blocks of four trials and data were analyzed using a six age-group by four block mixed model ANOVA. An effect of age-group on latency to locate the hidden plat- (Fig. 2A) . While participants in all age-groups located the hidden platform significantly faster from block to block during acquisition, participants in the 21-40 year old agegroup showed larger decreases in latencies than did those in older age groups. Analysis also revealed a significant interaction between acquisition blocks and the covariate, years of education [F(3, 194) = 3.060, p = 0.029], indicating a relationship between higher education and speed of acquisition. Latency during acquisition trials was also summed and analyzed using a six group ANOVA. Analysis revealed an effect of age-group on summed acquisition latencies [F(5, 65) = 8.311, p < 0.001] (Fig. 2B) . Post hoc analysis shows that all of the other age-groups had significantly higher summed latencies than the 21-40 year old group. Visible platform trials in vMWM were averaged into a single block of four trials and analyzed using a six age-group ANOVA. An effect of age-group on latency to reach the visible platform was also observed [F(5, 65) = 3.647, p = 0.006] (Fig. 2E) . Post hoc analysis shows that the 66-70 and 71-75 year old age-group took significantly longer than the 21-40 year old group.
Probe trial measures were analyzed using a six age-group ANOVA. An effect of age-group on the percent of time spent in the trained quadrant was (Fig. 2C) . Analysis showed a trend toward an effect of age-group on increased time spent in the opposite quadrant with increased age [F(5, 68) = 2.065, p = 0.080]. Similarly, analysis showed a trend toward an effect of age-group on increased mean proximity to the platform's location [F(5, 68) = 2.039, p = 0.085], indicating that younger participants searched closer to the platform's previous location during the probe trial, relative to older participants (data not shown). An effect of age-group on platform crossings was observed [F(5, 65) = 7.806, p < 0.001] (Fig. 2D ). Post hoc analysis shows that all of the other age-groups spent significantly less time in the trained quadrant and crossed the platform's location fewer times, relative to the 21-40 year old group. Performance on the TMT was analyzed using a six age-group ANOVA. Analysis revealed an effect of age-group on latency to complete Part A [F(5, 65) = 2.572, p = 0.035] (Fig. 2F) . Post hoc analysis shows that the 66-70 and 71-75 year old age-groups took significantly longer than the 21-40 year old group. While a significant effect of age-group on latency to complete Part B was observed [F(5, 68) = 2.759, p = 0.025], the effect was abolished (p = 0.109) when gender (p = 0.668) and years of education (p = 0.162) were included as covariates. Post hoc analysis shows that only the 71-75 year old age-group took significantly longer to complete Part B, relative to the 21-40 year old group.
Discussion
This study reports 3 main findings: 1) postural control during quiet standing declines with age; 2) preferred walking speed declines with age; and 3) spatial working memory declines with age. Furthermore, results on each measure parallel those observed in rodent models of aging and replicated prior findings in aging humans.
In the present study, adults from each age-group stood quietly atop a pressure sensor array while sway velocity was measured in both the eyes open and eyes closed condition. Age had a significant effect on sway velocity as did eye-condition (eyes open vs closed), particularly among participants in the 61-65, 66-70, and 71-75 age-groups. Other studies have also reported increased postural sway with age, even in the absence of chronic disease or injury [3, 41, 42] . Age-related changes in postural control negatively impact older adults and often presage a transition from independent to assisted living. Postural instability is a key risk factor for the increased incidence of falls among older adults [43] , which often result in injury and an increased risk of subsequent falls. Even if no injury occurs, falls often lead to increased fear of falling, inactivity, and social withdrawal [44] [45] [46] , which also contribute to the risk of subsequent falls. Increased postural sway during quiet standing among older adults is an important factor in predicting falling, even without recent fall history or apparent balance impairment [4, 5, 47] .
Participants also walked on an instrumented treadmill while spatiotemporal parameters of their gait were recorded. Participants in older age-groups preferred slower walking speeds and demonstrated decreased stride lengths relative to participants in the 21-40 year old age-group. These results support those of previous studies that report a slowing of gait with age [6, [48] [49] [50] [51] .
Results from this study also show that the gait cycle is altered during aging. Interestingly, participants in the 61-65 year old age-group demonstrated gait patterns that were inconsistent with the overall trend; however, this may be an artifact of recruitment wherein these participants necessarily were able to walk to jobs in an urban city-center. Prior studies have also reported an increase in double support with age [48, 49] and it has been suggested that this increase may be a gait strategy to promote stability. The observed age-related changes in gait parameters are also consistent with alterations associated with fear of falling [52, 53] . No significant differences in step width, stride length, or stride time variability were detected in this sample; however, nonsignificant changes were in the expected direction (data not shown).
The Morris water maze (MWM) [38] has become a gold standard for assessing spatial ability in rodents [19] , which is sensitive to hippocampal [54] and striatal dysfunction [55] . Humans perform similarly to rodents when tested in virtual versions of the MWM [56] [57] [58] where performance is also dependent on hippocampal and striatal integrity [59] [60] [61] . In the present study, young adults (21-40 years old) performed significantly better than adults in the other age-groups during acquisition as well as on the probe test. Latency to locate a visible platform increased slightly in the 66-70 and 71-75 year old age-groups, perhaps reflecting generational differences in computer familiarity or an age-related decline in psychomotor speed, as seen in the TMT (see below). However, the effect of age on other vMWM performance measures was still observed, even when latency to complete visible trials was included as a covariate. These results replicate prior studies that also found age-related performance declines in vMWM performance [18, 19, 62, 63] .
The trail making test [40] is a commonly used test of visual search, psychomotor speed, and executive function. Prior studies have reported age-related changes in TMT performance on both Parts A and B [64] [65] [66] . In the present study, latency to complete Part A was increased among the 66-70 and 71-75 year old age-groups, suggesting a decline in visual search and psychomotor speed. Latency to complete Part B shows a non-significant increase in latency in the 41-50, 51-60, 61-65, and 66-70 year old age-groups and a significant increase in latency in the 71-75 year old age-group. The addition of the covariate years of education, but not gender, attenuated the effect of age in this analysis. These data are consistent with the age norms reported by Tombaugh [66] that also show a performance plateau during middle years among adults with 12+ years of education but no effect of gender on performance.
Research from our laboratory shows that rodents undergo similar age-related motor and cognitive declines [37] as were seen in the present study. However, dietary interventions with polyphenol-rich whole foods can mitigate and, in some cases, even reverse the age-related performance declines observed in aged animals. Supplementing aged 19 mo rats' diet with blueberry or strawberry improved postural control, gait, and spatial working memory relative to controls [67] . Subsequent studies using these measures have shown that a variety of phenol-rich whole foods can retard or even reverse the effects of age [68] [69] [70] [71] [72] . However, while epidemiological studies show that increased fruit and nut intakes are associated with improved mobility and cognition during aging [73] , few clinical studies have investigated the effects of individual polyphenol-rich whole foods on mobility and cognition among older adults. We plan to use the tests validated here in subsequent studies to investigate the effects of polyphenolic-rich foods for their ability to improve age-related declines in motor and cognitive performance.
In the present study, tests were chosen to parallel age-sensitive rodent tests which have also proven sensitive to dietary manipulations. Quiet standing with a narrow base of support and treadmill walking are analogous to rodent mobility tasks such as balancing on a narrow plank or rotarod tasks. Similarly, the vMWM is directly modeled on the rodent task. The results from the battery of human mobility and cognition tests chosen in this study provided strong evidence that these tests are age-sensitive and can potentially be applied to future studies that aim to assess the effect of dietary interventions among older adults.
